The increasing recognition that symbioses have greatly altered evolution through genome fusions is creating a need for algorithms that can reliably detect and reconstruct fusions. Here, we generalize the bootstrappers gambit algorithm (a quartet method) in order to permit it to analyze both bifurcations and fusions under a single mathematical model, and thereby detect past genomic branchings and endosymbioses. This new method, 3-dimensional parsimony, can be applied to aligned sequences, such as gene, indel, or other genomic presence/absence sequences. It also provides a statistical measure of support for each possible graph. The usefulness of this method is demonstrated by applying it to the ring of life.
Introduction
Given the enormous interest in discovering the topology of the net-, the web-, the ring-, the tree-, or the non-treeof-life (Hilario and Gogarten 1993; Doolittle 1999; Jain et al. 2003; Rivera and Lake 2004; Konstantinidis and Tiedje 2005; Dagan and Martin 2006; McInerney and Pisani 2007; Sorek et al. 2007) , there is a growing need for phylogenetic algorithms that can reconstruct trees, rings, and other graphs from genomic data. The conditioned reconstruction algorithm ) reconstructs graphs from genomes by converting gene presences and absences to sequences, determines phylogenetic trees from alignments of these sequences, and thereby detects graphs through the analyses of cyclically related phylogenetic trees.
Here, we provide a generalized method, 3-dimensional (3D) parsimony, to reconstruct genomic graphs. 3D parsimony analyzes graphs, including trees, under a single mathematical model using the presence and absence patterns observed for genes, indels, or other character data. It also provides an improved theoretical framework for understanding graph reconstruction. We demonstrate this method by applying it to the Ring of Life.
Theory
Tree Reconstruction 3D parsimony is a generalization of parsimony-based logic for detecting graphs and directed graphs from aligned genomic sequences. It combines aspects of traditional parsimony (Fitch 1971) , conditioned reconstructions , quartet methods (Strimmer and VonHaeseler 1996) -specifically bootstrappers gambit (Lake 1995) -and top-down indel rooting (Lake et al. 2007) .
To appreciate how parsimony can be applied to graphs, it is useful to review how the bootstrappers gambit algorithm parsimoniously analyzes trees. Consider the 5-taxon, unrooted tree shown at the top of figure 1, the ((a, b), c, (d, e)) tree in Newick notation. Gambit analyzes 5-taxon trees by systematically removing 1 taxon at a time in order to generate 5, four-taxon sequence alignments of gene presences, þ's, and absences, À's. It then analyzes the 4-taxon alignments by counting which parsimoniously informative character state patterns, that is, the patterns containing 2 þ's and 2 À's, occur most frequently. These 5 most parsimonious, 4-taxon subtrees are then graphically combined into a single 5-taxon tree.
A gambit analysis is illustrated in figure 1 , assuming that the genomes evolve according to the tree shown at the top of the figure. When taxon e is eliminated from the analysis, shown by a dashed e leaf in the tree at the top of the first column, the resulting subtree has topology ((a, b), (c, d)).
Most parsimoniously this subtree produces gene counts for the supported patterns, (þ, þ, , , X) and ( , ,þ, þ, X) for taxa (a, b, c, d, e) respectively, shown at the top of the second column of figure 1. The 4 nonparsimonious patterns are not shown. (Note also that À's are shown as blanks for visual clarity.) The Xs in the patterns indicate that the genomic sequence state for taxon e may be either a plus or a minus because the character states of the missing taxa are unknown. The other 4 panels in the second column of figure 1 show the allowed sets for the remaining choices of missing taxa. Note that paired patterns for each of the 5 subtrees are symmetric, that is, (þ, þ, À, À) and (À, À, þ, þ), when the taxon containing X is not shown. This is true only for trees and not generally the case for graphs where the corresponding patterns may be (þ, þ, À, À) and (þ, À, þ, À), for example. Once the best supported character state sets are identified by counting the number of genes that support each pattern, one can infer the most parsimonious 4-taxon trees and subsequently combine them into 5-taxon trees. This logic can be iteratively applied to more taxa as needed.
Gambit-like analyses of conditioned data sets proceed in related ways. As previously described , conditioning is used when analyzing complete genomes in order to define rigorously the genes that support each character state pattern. (Without a conditioning genome, the gene missing state, À, may be defined in multiple ways.) Conditioning is accomplished by referencing the analyses to a predefined set of genes, such as all those genes present, þ, in a reference taxon. The reference taxon is then used to define the gene ''universe'' for the analysis but is not directly used in the phylogenetic reconstruction. By utilizing each taxon in turn as the reference genome, one can avoid deciding on a particular reference genome and simultaneously maximize the informational content of the analysis (Spencer et al. 2007) .
Thus, for a conditioned 5-taxon analysis, one analyzes all 5 four-taxon trees, as in the second column of figure 1, except that one only counts patterns in which X corresponds to character state þ. Under this model, the 2 patterns that support the ((a, b), (c, d)) tree, shown at the top of the second column, are 5 (þ, þ, , ,þ) and 10 (, , þ, þ, þ), corresponding to taxa (a, b, c, d, e) , respectively. Similarly, the remaining 4-taxon trees are analyzed by conditioning on each of the 4 remaining taxa. Thus, conditioning can be naturally integrated into the gambit algorithm.
At this point, it may be useful to step back and consider how a bootstrappers gambit analysis differs from a direct parsimony analysis of 5-taxon trees. The parsimoniously informative character sets for conditioned 4-taxon analyses consist of all sets that contain 3 þ's and 2 À's (1 þ for conditioning and 2 þ's and 2 À's for analyzing the 4-taxon trees). This restricts the analysis to the 10 possible combinations of 3 þ's and 2 À's listed in the third column of figure 1, numbered 1-10. Depending on the conditioning taxon, patterns 1, 2, 5, 8, 9, and 10 are most parsimonious with the corresponding 4-taxon trees derived from tree ((a, b), c, (d, e) ). In contrast, a parsimonious analysis of the entire 5-taxon tree, that is, a nonbootstrappers analysis, permits a smaller set of patterns. Specifically, patterns 1, 10, 11, and 20 are parsimonious. Because patterns 11 and 20 contain 3 À's and 2 þ's, they are not informative if conditioned. Thus, 3D parsimony utilizes 4 terms, 2, 5, 8, and 9, that do not support the 5-taxon tree in direct, traditional parsimony analyses. When the method is used to reconstruct graphs, these additional terms provide the new information that is needed to move out of 2 dimensional tree space and into 3D graph space, as explained in the next section.
Reconstructing Graphs
The procedures described in this section are appropriate for labeled, connected graphs generated under a general evolutionary model. Under this model, each internal node connects 3 edges/leaves and may be produced by several processes of evolutionary diversification: fusion, bifurcation, or directed transfer. Fusion nodes are surrounded by 1 directed edge exiting the node (the fusion organism) and 2 directed edges entering it (the fusion donors), unrooted bifurcation nodes are surrounded by 3 edges of unknown directionality, and unrooted directed transfer donors and recipients are surrounded by 1 edge of known directionality. An example of a directed transfer would be the significant transfer of genes from the chloroplast to the nucleus but not in the reverse direction. (In graphical terminology [Buckley and Harary 1990] , the indegrees and outdegrees, respectively, of a fusion node are 2 and 1, those of a rooted bifurcation node are 1 and 2, those of an unrooted bifurcation node are 3 and 3, those of an unrooted directed donor are 2 and 1, and those of an unrooted directed recipient are 1 and 2.) In evolutionarily realizable graphs, the fusion, directed, and bifurcation nodes must be arranged so that at all points are reachable from at least 1 point on the graph (the root).
A 3D parsimony analysis of a 5-taxon, unicycle graph is illustrated in figure 2. In this graph, shown at the top of the figure, genomes from 2 donor taxa, labeled a and d, fuse to create a new taxon, c. Genome fusions have novel properties that make them initially more difficult to understand than bifurcations. To appreciate this, let us focus on the ring that is conditioned on taxon e, shown at the top of the left column in figure 2 , and consider the number of character state changes necessary to obtain the pattern (þ, À, þ, À) for taxa (a, b, c, d) . The gene present in taxon a can be transferred to taxon c without a character state change, as indicated by the arrowhead directed toward c from a. Because the gene is absent in taxon b and present in a, it must either be lost or gained between a and b as indicated by the open rectangular box marked 6. Because the gene absent in b is also absent in d, no changes along the path between b and d are required (ignore rectangular box 10 because it applies to a different pattern).
FIG. 1.-A gambit analysis of a labeled, 5-taxon tree. In the first column of the figure, the tree is deconstructed into 5, four-taxon trees. The corresponding set of parsimonious patterns obtained when each of the 4-taxon trees is evaluated using the 2 character states, gene presence (þ) and gene absence (À), is shown at the right of each 4-taxon tree (note that À's are shown as blanks). The sites of parsimonious character state changes are marked on the trees in the first column by open rectangles labeled with the identifying numbers of the character state patterns (shown in the third column). When analyzed by gambit, the boxed Xs in the second column, may have either character state þ or -, but when analyzed by conditioned reconstruction, the character state of X may be only þ. All possible informative character state patterns are shown in the third column. The numbered boxes on the 4-taxon trees indicate the sites of the parsimonious changes and their patterns. Note that those informative character state patterns used for conditioning contain 3 þ's and 2 À's and correspond to patterns 1-10. For the labeled tree analyzed in this figure, conditioned patterns 1, 2, 5, 8, 9, and 10 are most parsimonious and are predicted to be supported by high numbers of gene counts when data are generated by this tree.
Also no gene state changes are required between d and c. Even though c and d have different states, d is a ''À'' and c is a ''þ,'' no character state changes are required because c has already inherited the gene from a, so that it is not necessary to inherit a second copy from d. Thus, only a single gene character state change is needed to explain pattern 6.
The fusion property differentiates the character state patterns generated by trees from those of other graphs. Trees, conditioned on a given taxon, create 2 four-taxon patterns that are symmetrically related. The top tree in figure  1 , conditioned on taxon e, generates patterns 5 (þ, þ, À, À) and 10 (À, À, þ, þ) for taxa (a, b, c, d) . These patterns are symmetrically related with respect to an interchange of þ's and À's. In contrast, graphs are not restricted to this symmetry. For example, the graph at the top of figure 2 produces patterns (þ, À, þ, À) and (À, À, þ, þ) for taxa (a, b, c, d) . These 2 patterns are not symmetrically related because the fusion provides 2 pathways for genes to enter fusion organism, c. A gene may enter c through a, producing pattern (þ, À, þ, À), or a gene may enter c through d, producing pattern (À, À, þ, þ) for taxa (a, b, c, d) . Thus, fusion events can dramatically increase the complexity of allowed phylogenetic patterns.
The patterns allowed by the tree in figure 1 , and by the ring in figure 2 , are compared side-by-side in figure 3 . The disallowed patterns, corresponding to low gene counts, are shaded, whereas the allowed patterns, corresponding to high gene counts, are not shaded. The allowed patterns for the ((a, b), c, (d, e) ) tree analyzed in figure 1 (patterns  1, 2, 5, 8, 9 , and 10) are shown in the second column, and the allowed patterns for the unicycle graph analyzed in figure 2 (patterns 1, 3, 4 , 6, and 10) are shown in the fourth column. By comparing the experimentally observed pattern with those predicted by various graphs, one can determine the graph that best fits the data. Determining which 5-taxon graph is supported by the data then reduces to asking how many counts support each of the 10 possible, 5-taxon character state patterns, just as computing 4-taxon trees corresponds to measuring parsimony counts for the 3 possible E, F, and G trees.
Intuitively, a ring is a more complex object than a tree leading to the suspicion that one would always favor a ring over a tree. But this is not the case. Because all 5-taxon graphs (including trees) are analyzed as 4-taxon subtrees and because these subtrees are evaluated using the same parsimony criteria (namely all 2 plus and 2 minus patterns can be explained by a maximum of 2 character state changes or a minimum of 1 change), this ensures that identical selection criteria are applied to both trees and graphs.
The 3D Parsimony Analyses of the Ring of Life Data
Conditioned reconstructions have previously been used to study the origin of the eukaryotes and provided evidence for a Ring of Life in which the eukaryotes are the fusion organism and the 2 fusion partners are prokaryotes . That study concluded that 1 fusion partner branches from deep within an ancient photosynthetic clade and is ''either a proteobacterium or a member of a larger photosynthetic clade that included the Cyanobacteria and the Proteobacteria,'' and ''the other is related to the archaeal prokaryotes.'' Here, gene presence/absence data from the Ring of Life are reanalyzed using 3D parsimony, to demonstrate the use of this new tool.
Parsimoniously informative, conditioned character state sets, containing 3 gene presences, þ's, and 2 gene absences, À's, were extracted from the aligned gene absence/ presence sequences of the gamma proteobacterium Xylella fastidiosa (X), the bacillus Staphylococcus aureus MW2 (S), the eukaryotes (Y) Schizosaccharomyces pombe and Saccharomyces cerevisiae, the archaeal eocyte Sulfolobus tokodaii (E), and the halobacterium Halobacterium sp. NRC-1 (H). The extracted counts for the informative character state sets are shown in table 1.
The first column of table 1 shows the 10 parsimoniously informative, character state patterns with gene presences indicated by þ's and gene absences indicated by blanks. The gene counts observed when either S. pombe,
FIG. 2.-A gambit analysis of a labeled, 5-taxon evolutionary graph.
In the first column of the figure, the graph is deconstructed into 5, fourtaxon subgraphs. The corresponding set of parsimonious patterns obtained when each of the 4-taxon subgraphs is evaluated using the 2 character states, gene presence (þ) and gene absence (À), is shown in the second column at the right of each 4-taxon subgraph (note that À's are shown as blanks). The sites of parsimonious character state changes are marked on the graphs in the first column by open rectangles labeled with the identifying numbers of the character state patterns that this site generates. When analyzed by gambit and conditioned on the Xs, the character state of X may be only þ. Hence, only patterns 1-10, consisting of 3 þ's and 2 À's are allowed. The numbered boxes on the 4-taxon graphs indicate the sites of the parsimonious changes and their patterns. For the labeled graph analyzed here, conditioned patterns 1, 3, 4, 6, and 10 are most parsimonious and predicted to be supported by high numbers of gene counts when data are generated by this graph.
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http://mbe.oxfordjournals.org/ Y p , or S. cerevisiae, Y c , is included in the analyses are shown in the fourth and fifth columns of table 1, respectively. Note that similar count distributions are found when either S. pombe or S. cerevisiae are used as the eukaryote in the analyses, as expected for 2 closely related eukaryotes. The second column shows the number of parsimony changes needed for each pattern if the ((X, S), Y, (E, H)) tree is correct. The third column shows the number of parsimony changes needed if the graph shown in figure 4 is correct. Thus, we calculate the total number of gene changes required by multiplying the number of parsimony changes predicted by the tree or the graph times the number of genes supporting each pattern. Assuming the most parsimonious tree, ((X, S), Y, (E, H)), is correct requires 1,264 or 1,301 character state changes, when S. pombe or S. cerevisiae is used as the eukaryote, respectively. Assuming the graph in figure 4 is correct, requires 1,049 or 1 ,096 character state changes when S. pombe or S. cerevisiae, is used as the eukaryote, respectively. Thus, the ring of life requires about 210 fewer changes than the best tree.
The parsimony changes calculated from the best tree and the best graph are marked with stars when a character set pattern is most parsimonious (1 change). Six character set patterns are most parsimonious for the tree, and 5 are most parsimonious for the graph. Only 2 of the starred tree patterns match the top 6 gene counts, indicating poor agreement between the best tree and the observed counts. In contrast, the parsimony changes calculated from the 5-taxon unicycle graph in figure 4 (column 3) are in full agreement with the observed counts. Specifically, the 5 starred character set patterns computed to be most parsimonious (1 change) correspond to the top 5 highest scoring patterns for S. pombe and S. cerevisiae (shown in bold), and the 5 nonparsimonious patterns (2 changes) correspond to the bottom 5 scoring patterns. The 5 allowed patterns for the ring of life explain 601 (72.8%) of the Pfam counts or 624 (72.6%) of the Pfam counts when either S. pombe or S. cerevisiae are used as the eukaryote in the analyses.
To assess whether the gene counts provide statistically significant support for the graph in figure 4 , we calculate the number of bootstrap analyses that support it and the number of bootstrap analyses that support any other graphs. The conditional probability supporting the graph in figure 3 is then the number of those bootstrap replicates that support the graph in figure 3 divided by the number of replicates that support it or any other graphs (Lake 1995) . (For FIG. 3 .-A comparison of the patterns allowed by the labeled 5-taxon trees and 5-taxon graphs. The allowed patterns for the ((a, b), c, (d, e) ) tree analyzed in figure 1 (patterns 1, 2, 5, 8, 9, and 10 shown in the second column) are compared with allowed patterns for the unicycle graph analyzed in figure 2 (patterns 1, 3, 4, 6, and 10, shown in the fourth column). The disallowed patterns correspond to low gene counts and are shaded, whereas the allowed patterns correspond to high gene counts and are not shaded. The numbered rectangular boxes shown on the conditioned, 4-taxon subtrees (column 1) and subgraphs (column 2) show the sites of parsimonious changes. As described in the text, these computed patterns are compared with the experimentally observed patterns to determine which graphs best fit the data. Table 1 Parsimony Counts for the Ring of Life discussions of the interpretations of bootstraps, see Felsenstein and Kishino (1993) ; Hillis and Bull (1993) ; Efron et al. (1996) .) Using the fractions of the total counts supporting each of the 10 patterns to estimate the probability under a decavariate multinomial model, we calculate 10,000 bootstrap replicates of the character state pattern distributions. For the S. pombe data, 96.02% of the replicates contain the same 5 top patterns as those in table 1 and therefore support the graph in figure 4. For the S. cerevisiae data, 99.80% of the bootstraps support the graph in figure 4. We conclude that both 5-taxon graphs are statistically supported by these data, consistent with the ring reconstructed in Rivera and Lake (2004) .
Discussion
Graphs are assuming increased importance in studies of genomic evolution. Today genome fusions through symbioses are a central feature in evolution and interest in fusions continues to increase (Margulis 1970; Lake and Rivera 1994; Moran 1996; Martin and Muller 1998; Embley 2002) . Fusions are unique because they can fundamentally alter evolution in ways that bifurcations and simple gene transfers cannot. For example, a single endosymbiosis can introduce many more duplicate copies of genes into a host organism than other mechanisms and can dramatically restructure cellular architecture, as in eukaryotes.
Fusions have properties that allow them to reveal details of past evolutionary events. Genome fusions carry partial rooting information, whereas bifurcations do not. Fusions can thus exclude the root from parts of the graph of life, whereas bifurcations cannot. Fusions, in contrast to tree bifurcations, bring 2 different fusion partners together at the same ''time'' and in the same ''environment'' (place). This can provide important clues about the nature of the relationship between the partners and about the environment they lived in at the time of the fusion and can help place time markers on the graph of life. Yet, few phylogenetic algorithms can directly detect fusions.
There is considerable interest and discussion about the biological bases for genome fusions and the time spans over which they occur (Martin and Embley 2004; Bapteste and Walsh 2005; Lester et al. 2005; McInerney and Wilkinson 2005) . Mathematically, fusions correspond to the directed transfer of statistically significant numbers of genes from 2 donor taxa to generate a new taxon. This is a process constrained by time, space, and phylogenetic relationships. When a fusion is detected, its biological interpretation depends in part upon how accurately one can experimentally answer the following questions. What are the best phylogenetic estimates of the identity of the fusion donor taxa? Is the resolution of the phylogenetic reconstruction sufficiently high that the donors can be localized to a few taxa, or can they only be identified as a large taxon? How accurately can we identify the fusion taxon? Are multiple events involved? Gaining such knowledge depends upon obtaining the necessary phylogenetic information. In this sense, the Ring of Life is only starting to inform us about eukaryotic origins. We would like to know if the ring is the result of observing the flow of genes from mitochondrion and chloroplast to the nucleus. Or is the ring representing an earlier phylogenetic relationship? 3D parsimony now provides us with another tool to help us better answer the fascinating questions related to eukaryotic evolution.
3D parsimony is only a first step toward analyzing evolutionary graphs, and many additional modifications are needed to improve and extend it. For example, it has long been known, theoretically (Felsenstein 1978) and practically (Lake 1991) , that parsimony is subject to long-branch attraction. Thus, the results obtained here using 3D parsimony provide a starting point for improved graphical reconstructions and leave much room for improvement and modification. There is also considerable progress being made in developing circular splits and other algorithms useful for graphical reconstructions (Baroni et al. 2006; Grunewald et al. 2006) . In theory, the results presented here allow one to reconstruct 5-taxon graphs from character state patterns by enumerating all possible 5-taxon evolutionary graphs and calculating their corresponding character state patterns. But no algorithm is available yet that allows us to determine 5-taxon graphs directly from the character state patterns. Also unsolved are the precise details of how 3D parsimony analyses can be extended from 5-taxon graphs to N-taxon graphs. The necessary procedures, probably like those used to extend 4-taxon trees to N-taxon trees in gambit and other algorithms, remain to be developed. 3D parsimony shows great promise for understanding the evolution of life and further developing this method to extend its usefulness represents an exciting scientific challenge.
